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Summary
Exposure to ethanol during development triggers neuronal cell death and this is thought to play a
central role in the pathophysiology of fetal alcohol spectrum disorder (FASD). Studies suggest
that ethanol-induced neurodegeneration during the period of synaptogenesis results from
widespread potentiation of GABAA receptors and inhibition of NMDA receptors throughout the
brain, with neocortical layer II being particularly sensitive. Here, we tested whether ethanol
modulates the function of these receptors during this developmental period using patch-clamp
electrophysiological and Ca2+ imaging techniques in acute slices from postnatal day 7–9 rats. We
focused on pyramidal neurons in layer II of the parietal cortex (with layer III as a control). Ethanol
(70 mM) increased spontaneous action potential-dependent GABA release in layer II (but not
layer III) neurons without affecting postsynaptic GABAA receptors. Protein and mRNA
expression for both the Cl− importer, NKCC1, and the Cl− exporter KCC2, were detected in layer
II/III neurons. Perforated-patch experiments demonstrated that ECl

− is shifted to the right of Em;
activation of GABAA receptors with muscimol depolarized Em, decreased action potential firing,
and minimally increased [Ca2+]i. However, the ethanol-induced increase of GABAergic
transmission did not affect neuronal excitability. Ethanol had no effect on currents exogenously
evoked by NMDA or AMPA receptor-mediated spontaneous excitatory postsynaptic currents.
Acute application of ethanol in the absence of receptor antagonists minimally increased [Ca2+]i.
These findings are inconsistent with the excessive inhibition model of ethanol-induced
neurodegeneration, supporting the view that ethanol damages developing neurons via more
complex mechanisms that vary among specific neuronal populations.
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Introduction
The complex structure of the human neocortex underlies increased behavioral and cognitive
capacity that allows for enhanced sensory perception, motor control, spatial reasoning, and
conscious thoughts (Bystron et al., 2008; Guillery, 2005; Markram et al., 2004; O'Leary et
al., 2007). The neocortex is composed of six layers with functionally distinct subdivisions,
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which contain diverse neuronal populations that make both local and extrinsic connections
(O'Leary et al., 2007). These layers originate from a homogenous pseudo-stratified
epithelium that lines the lateral ventricle in the dorsal telencephalon. Through a coordinated
sequence of proliferation and migration, the layers form in an ‘inside-out sequence’ with the
last migrating cells arriving at the most superficial portion of layer II by postnatal day (PD)
6 (Ignacio et al., 1995; O'Leary et al., 2007; Parnavelas, 2000). In rodents, cortical
GABAergic interneurons arise from pseudo-stratified epithelia that lines the medial
ganglionic eminence (Anderson et al., 2001; Parnavelas, 2000). After arriving in the
neocortical layers, interneurons associate with radial glial and migrate to their final position
in the neocortex. Alterations in neocortical development have been linked to a number of
diseases including autism, epilepsy, schizophrenia, and fetal alcohol spectrum disorder
(FASD) (Ben-Ari, 2006; Guerri, 1998; Levitt et al., 2004; Mattson et al., 1999). FASD,
which results from ethanol (EtOH) exposure at different times during fetal development,
results in a broad spectrum of abnormalities, including facial anomalies, growth retardation,
and central nervous system (CNS) dysfunctions (May et al., 2004; Sokol and Clarren, 1989;
Warren and Foudin, 2001). EtOH-induced CNS damage is permanent and probably the most
deleterious consequence of prenatal exposure to this agent.

Prenatal EtOH-induced damage to the developing neocortex results in deficits in executive
functioning that interfere with the skills necessary for daily living activities (Mattson et al.,
1999). This damage is thought, in part, to be the consequence of disruptions in cellular
proliferation, migration, and neuronal survival (Miller, 1986, 1996). Naturally occurring cell
death contributes to normal neocortical development and EtOH increases this process
leading to neurodegeneration, particularly in layer II during the third trimester-equivalent of
human development (Ikonomidou et al., 2000; Mooney and Napper, 2005). Acute EtOH
exposure at PD7 induces widespread neurodegeneration that spans numerous neocortical
subdivisions, with variable sensitivity among cortical laminae (Ikonomidou et al., 2000). It
has been proposed that EtOH-induced neurodegeneration results from a dual mechanism
involving GABAA receptor (GABAAR) potentiation and NMDA receptor (NMDAR)
inhibition, which ultimately causes excessive neuronal inhibition (Ikonomidou et al., 2000;
Olney et al., 2002b; Olney et al., 2004).

In preparations from relatively mature animals, the most consistent action of EtOH on
NMDARs has been found to be inhibitory (Lovinger, 1996; Lovinger et al., 1989).
However, it was recently demonstrated that EtOH has little postsynaptic effects on
NMDARs in developing CA3 hippocampal pyramidal neurons (Mameli et al., 2005). GABA
is the principal inhibitory neurotransmitter in the mature neocortex and it has been shown
that EtOH enhances postsynaptic GABAAR function (Weiner and Valenzuela, 2006).
Results obtained with preparations from different brain regions indicate that EtOH also
enhances GABAergic function, at least in part, presynaptically (Carta et al., 2004; Roberto
et al., 2003; Sanna et al., 2004; Weiner and Valenzuela, 2006). This presynaptic mechanism
of action of EtOH has also been observed in developing neurons of the CA3 hippocampal
region (Galindo et al., 2005).

In immature neurons, GABA depolarizes Em as a consequence of increased [Cl−]i, which
causes ECl− to shift to less negative values than the resting membrane potential (Ben-Ari,
2002; Ben-Ari et al., 2007). Increased [Cl−]i has been detected during the first postnatal
week in the neocortex (Dammerman and Kriegstein, 2000; Garaschuk et al., 2000; Owens et
al., 1999). [Cl−]i is dependent on the expression of the Cl− co-transporters NKCC1 (Cl−
importer) and KCC2 (Cl−exporter). Although there is a reversed gradient for Cl− flux during
development, GABA exerts both excitatory and inhibitory actions because GABAAR
opening can decrease the membrane resistance and shunt glutamatergic excitatory
postsynaptic potentials (reviewed in Ben-Ari, 2002). Moreover, GABAAR-induced
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membrane depolarization can inactivate Na+ channels (Zhang and Jackson, 1995).
Importantly, GABAAR-dependent [Ca2+]i elevations have been shown to trigger cell death
in developing neurons (Nunez et al., 2003).

In light of this evidence, we hypothesized that acute EtOH exposure could damage
neocortical layer II neurons in PD 7–9 rats, by increasing GABA release resulting in
excitation of these neurons, while having no effect on NMDAR activity. To test this
hypothesis, we used the acute brain slice preparation, where we measured EtOH’s effect on
GABAergic transmission and characterized the effects of GABAAR activation on neuronal
excitability. We also studied modulation of glutamatergic transmission and [Ca2+]i by
EtOH.

Materials and methods
For all experiments, timed-pregnant Sprague-Dawely rats (gestational days 14–18) were
obtained from Harlan (Indianapolis, IN) and allowed to give birth at the UNM-HSC Animal
Resource Facility. Neonatal offspring from these rats were used in these experiments. All
animal procedures were approved by the UNM-Health Sciences Center Institutional Animal
Care and Use Committee and conformed to National Institutes of Health Guidelines.

Preparation of acute slices
Unless indicated, all chemicals were from Sigma-Aldrich (St. Louis, MO). Coronal slices
were prepared from the brains of PD 7–9 Spraque-Dawley male rats, as previously described
(Galindo et al., 2005). Briefly, slices containing the parietal cortex, were cut at 400 μm in
ice-cold cutting solution, and transferred to artificial cerebrospinal fluid (ACSF) at 35–36 °C
for 45 minutes and stored at room temperature. Slices were then transferred to a recording
chamber at 33° C and perfused with ACSF at a rate of 2 ml/min. Rats were decapitated
under deep anesthesia with ketamine (250mg/kg/ I.P.). This agent blocks NMDARs and
enhances GABAA Rs (Hevers et al., 2008; Lin et al., 1992). Ketamine anesthesia (~60 min
duration) has been shown to induce apoptotic neurodegeneration in P7 mice 5 hours after
injection (Young et al., 2005). In our study, animals were decapitated immediately after
induction of anesthesia (2–3 min after ketamine injection) and slices were prepared in
cutting solution containing ketamine (100 μg/ml), which takes ~10 min. Using this
procedure, we consistently obtain healthy slices from neonatal animals, in agreement with
the literature (Aitken et al., 1995). Thus, brief exposure to ketamine appears to have a
neuroprotective action under our experimental conditions.

Whole-cell voltage-clamp electrophysiology
Whole-cell voltage-clamp electrophysiological recordings were performed under infrared-
differential interference contrast (IR-DIC) microscopy with an Axopatch 200B amplifier
(Molecular dynamics, Union City, CA). Patch-clamp electrodes had resistances of 4–8 MΩ.
Unless otherwise indicated, voltage-clamp recordings were obtained at a holding potential of
−65 mV. GABAAR-dependent spontaneous postsynaptic currents (GABAA-sPSCs) were
recorded from layer II and layer III pyramidal neurons using two different internal solutions.
Internal solution #1 contained (in mM): 140 CsCl, 10 HEPES, 1 EGTA, 4 MgATP, 0.4
MgGTP, and 2 mM QX-314 (pH 7.3). Internal solution #2 contained: (in mM), 145 KCl, 8
NaCl, 0.2 MgCl2, 2 EGTA, 10 HEPES, 10 MgATP, 0.3 MgGTP, and 2 mM QX-314 (pH
7.2). Similar results were obtained with these internal solutions; therefore data were pooled.
GABAA-sPSCs were pharmacologically isolated using 3 mM kynurenic acid in the ACSF.
Access resistances were between 15 and 40 MΩ; if the access resistance changed by more
than 20%, the recording was discarded. Data were analyzed using Minis Analysis Program
(Synaptosoft, Decatur, GA). Each slice was exposed once to 70 mM EtOH and recordings
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were discarded if the frequency did not return to at least 50% of baseline following the
washout of EtOH. The Kolmorgorov-Smirnov test (KS-test) was used to test each recording
for a significant effect of treatment; p < 0.01 was considered to be significant. Pooled data
were analyzed by one-way ANOVA followed by Dunnett’s post-hoc test, and the control
and washout conditions were averaged for each individual trace and the percent change as
compared to EtOH was analyzed by a one-sample t-test using Prizm 4 (GraphPad Software,
San Diego, CA).

Whole-cell AMPA receptor-dependent sPSCs (AMPA-sPSCs) were recorded from
pyramidal neurons using internal solution #3 (in mM): 135 K-gluconate, 5 KCl, 10 HEPES,
0.2 EGTA, 4.6 MgCl2, 4.0 Na2ATP, 0.4 NaGTP and 2 mM QX-314 (pH 7.35). AMPA-
sPSCs were pharmacologically isolated using a combination of 100 μM DL-2-amino-5-
phosphonovaleric acid (DL-APV), 10 μM gabazine, and 50 μM picrotoxin (all from Tocris,
Ellisville, MO) in the ACSF.

A pneumatic picopump (World Precision Instruments, Sarasota, FL) was used to apply puffs
of 500 μM NMDA in the presence of TTX, 10 μM NBQX, 50 μM picrotoxin and 10 μM
gabazine (Vholding = −20 mV). The puffing pipette was placed ~200 μm away from the
patched neuron to produce a sub-maximal response. The pressure was set at 7 psi and the
puff duration was 100 ms. Recording electrodes were filled with internal solution #3.

Perforated-patch electrophysiology
To determine the ECl

−, perforated-patch electrophysiological recordings were performed in
layer II and layer III pyramidal neurons. A gramicidin stock solution was made fresh daily
(5 mg/ml in dimethylsulfoxide). The stock solution was sonicated for ~ 30 min, then
continuously vortexed at a low speed for the duration of the recording session. The tips of
the microelectrodes, with resistances between 4–8 MΩ, were prefilled with internal solution
#4 containing (in mM), 135 KCl, 10 HEPES, 2 MgCl2, 5 Na-EGTA, and 0.5 CaCl2 adjusted
to pH 7.2 with KOH and then backfilled with the same internal solution containing 10 μg/ml
of gramicidin. The access resistance was used to monitor the progression of perforation,
which was considered to be completed when it was < 80 MΩ. In voltage-clamp mode,
currents were elicited by exogenously applying muscimol (300 μM; Tocris) every 30 s with
a pneumatic picopump using the same parameters described above. Muscimol-elicited
currents were measured as the holding potential was changed in 20 mV increments from
−100 mV to −20 mV. Muscimol elicited GABAAR-currents were blocked using 50 μM
picrotoxin and 10 μM gabazine. Peak current amplitudes were determined using Clampfit
(Molecular Devices, Sunnyvale, CA) and any residual current remaining after application of
these blockers was subtracted from the averaged peak amplitudes. A linear regression fit to
the peak amplitudes as a function of membrane potential was determined using Prism, and
the zero-current intercept was used to estimate ECl

−. Before determining ECl
−, the cell was

switched from voltage-clamp to current-clamp (Iholding = 0) to estimate the resting
membrane potential (Em). Changes in action potential firing and Em were determined in
current-clamp mode, and 50 pA of current was injected every 30 s for 100 ms to elicit firing.
Recordings were discarded if action potential number did not return to at least 50 % of
baseline during EtOH washout.

Fluorometeric Ca2+ measurements
These measurements were performed in 400 μm slices loaded with fura-2 AM (Molecular
Probes, Carlsbad, CA) in a recording chamber mounted on an upright microscope (Olympus
BX51WI, Milville, NY) equipped with IR-DIC and a variable-scanning digital imaging
system with Tillvision Ca2+ imaging software (T.I.L.L. Photonics GmBH, Eugene, OR).
Background autoflourescence was determined at 350 nm, and then subtracted from each
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acquisition time point for both 350 and 380 nm. Slices were incubated for 10 minutes at
room temperature in oxygenated ACSF equilibrated with 95% O2 and 5% CO2 in 10 μM
fura-2 AM in pluronic acid (0.1% DMSO). Slices where washed for 4 min, and then paired
fluorescent measurements at 350 nm and 380 nm were made at an acquisition rate of 0.03
Hz from layer II/III pyramidal neurons in slices using a 40 × immersion lens. The recording
sequence consisted of a 5-min baseline, a 10-min application of 30 μM muscimol, a 10-min
washout period, and finally a 2.5-min application of 40 mM KCl. Only cells with responses
to KCl were selected for analysis. Average 350 nm/380 nm ratios were measured for
selected cells at each acquisition time point. EtOH exposed slices were corrected for a
linearly decreasing baseline. Fluorescence values are given as a normalized value (ΔF/F0) ×
100.

Fluorescence in situ hybridization (FISH) and immunohistochemistry
Six male rats were used for both FISH and immunohistochemistry for each of the following
time periods: PD 3–4, 7–9, and 18–19, (total of 18 rats from 3 different litters). Rats were
anesthetized with ketamine (250mg/kg/I.P.), rapidly decapitated, and brains were removed,
quickly frozen in isopentane, equilibrated in a dry ice/ethanol slurry and stored at −80°C.
Brains were formed into a block using Optimal Cutting Temperature (O.C.T.) reagent
(Sakura Finetek, Torrance, CA) and 20 μm coronal sections containing the parietal cortex
were prepared with a cryostat and collected on Superfrost-plus slides (VWR international,
Westchester, PA) air-dried and stored at −80° C.

NKCC1 (clone ID 4824556, accession number BC033003) and KCC2 (clone ID 6838880,
accession number BC054808) full-length cDNA plasmids were obtained from Open
Biosystems (Huntsville, AL). Appropriate insertion of the clones was confirmed by
sequencing (DNA Research Services, University of New Mexico, Health Sciences Center).
The sequences were also checked to correspond to those in the rat genome database using
the Basic Local Alignment Search Tool (www.ncbi.nlm.nih.gov/blast/Blast.cgi). Restriction
endonucleases EcoR1 and Not1 were used to generate the template strand for in vitro
transcription of the antisense strand of NKCC1 and Kpn1 for the sense strand (New England
Biolabs Inc., Ipswich, MA). Templates for in vitro transcription of the antisense and sense
strand for KCC2 were generated using AscI and PacI. The restriction digestion reactions
were incubated for 2 hours at 37°C. FISH for NKCC1 and KCC2 was performed as
previously described (Guzowski et al., 1999). Briefly, digoxigenin-labeled KCC2 and
NKCC1 antisense and sense riboprobes were generated from linear cDNA using a
commercially available transcription kit (Maxiscript; Ambion, Austin, TX) and premixed
RNA digoxigenin labeled nucleotides using T3 or T7 polymerases (Roche Molecular
Biochemicals, Palo Alto, CA). Products of the predicted size were observed in an RNA gel.
Hybridization of NKCC1 or KCC2 digoxigenin-labeled riboprobes (1 ng/μl) was performed
overnight at 56° C, followed by incubation with anti-digoxigenin horseradish peroxidase-
conjugated antibodies (1:200 overnight at 4° C; Roche Molecular Biochemicals, Palo Alto,
CA). TSA-cyanine-3 (Cy3) (1:50; PerkinElmer, Waltham, MA) was used to detect the
horseradish peroxidase conjugate. Nuclei were counterstained with 4’,6’-diamidino-2-
phenylindole (DAPI) (1:500; Invitrogen, Carlsbad, CA).

For immunohistochemistry, brains were cut into a block, fixed in 4% paraformaldehyde for
24 hours at 4° C, rinsed in phosphate buffered saline (PBS; pH 7.4) and then cryoprotected
in 30% sucrose (wt/v) in PBS for 48 hours. Brains were quickly frozen in O.C.T. and
coronal sections (14–18 μm) were collected on Superfrost-plus slides. Sections were air
dried at room temperature and stored at −80°C. For KCC2, sections were brought to room
temperature and rinsed in PBS, permeabilized with 0.1% Triton-X 100 (v/v) and then
incubated in 1% bovine serum albumin (BSA) in PBS for 30 minutes. Sections were
incubated overnight with a polyclonal anti-KCC2 antibody (1:200; Millipore, Billerica,
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MA), in 1% bovine serum albumin in PBS. Sections were rinsed three times in PBS
containing Tween-20 (0.05%; v/v) and incubated at room temp for two hours using an anti-
rabbit CY3-conjugated secondary antibody (1:1000, Molecular probes, Carlsbad, CA).
Nuclei were counterstained with DAPI (1:500). For NKCC1, sections were processed
similarly to KCC2 with the exception that antigens were retrieved in 1% sodium dodecyl
sulfate and 8% 2-mercaptoethanol in PBS for 5 min, following the initial wash in PBS (as
previously described in Sung et al., 2000). Sections were washed in PBS and then incubated
overnight at 4° C with a polyclonal anti-NKCC1 antibody in 1% BSA in PBS (1:200
Millipore, Billerica, MA). Sections were incubated with a polyclonal anti-rabbit Cy3
antibody under the same conditions as for KCC2. To exclude non-specific staining from the
secondary-antibody, control sections were tested in the absence primary antibodies.

FISH and immunohistochemistry images were acquired with a Nikon TE2000U
epifluorescence microscope (Melville, NY) with a 40 × oil immersion lens and captured
using a CoolSNAP-Hq CCD camera (Roper Scientific, Tucson, AZ). A single optimized
acquisition exposure time was determined for KCC2 using PD 18–19 tissue and for NKCC1
using PD 3–4 tissue (i.e. where there is highest expression of each co-transporter). These
exposure times were also used to collect images at other ages. Images were analyzed using
METAMORPH software (Universal Imaging, Sunnyvale, CA). For FISH analysis, DAPI
images were used to identify nuclei; only cells displaying large, diffuse nuclei were
considered for analysis because these presumably correspond to neurons (Guzowski and
Worley, 2001). The regions of interest were transferred to a color-combined image of DAPI
and Cy3, and the number of pyramidal nuclei expressing intranuclear RNA foci was counted
as positive. For each section, two images were acquired per hemisphere in layer II/III of the
parietal cortex. The number of positive intranuclear foci was averaged for a total of 16
images (3 sections per animal), and this was considered an n=1. We detected no intranuclear
mRNA foci expression at PD 3–4, when the tissue was hybridized either with the NKCC1
sense strand or at PD 18–19 when the tissue was hybridized with the KCC2 sense strand.

For immunohistochemistry, KCC2 images were quantified using line scan analysis because
there was expression of KCC2 throughout the neuropil in layer II/III. The average pixel
intensity from 4 line scans aligned through layer II/III of the neocortex was collected per
field. Four fields (2 fields per hemisphere) were used per section, and an average of data
obtained in three sections was considered an n=1. For NKCC1, cells were counted positive
if Cy3 expression was detected within or around the DAPI identify nuclei.

Data collected for FISH and immunohistochemistry were statistically analyzed using
repeated measures one-way ANOVA, followed by a Tukey’s post-hoc test.

Results
Acute EtOH increases GABAA-sPSC frequency in layer II but not layer III pyramidal
neurons at PD 7–9

In the developing rat neocortex, layers II and III cannot be easily distinguished, and have
been considered a single layer that is commonly referred to as layer II/III (Fig 1A).
However, when visualizing layer II/III in the acute slice with IR-DIC microscopy, we
observed qualitative differences between pyramidal neurons within layer II/III. As had been
previously noted (Suzuki and Bekkers, 2007), layer II neurons, which are located closer to
the pial surface, are relatively smaller and are found in clusters, while layer III neurons had
larger somas and were more loosely packed (Fig 1B). We also detected electrophysiological
differences between neurons in these layers, in general agreement with a previous report
(Bureau et al., 2004). Layer III neurons had a significantly larger capacitance and shorter
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action potential rise time than layer II neurons (Table 1). We compared the acute affects of
EtOH on GABAergic transmission in layer II vs. layer III neurons with these characteristics.

We used the whole-cell voltage-clamp configuration to record GABAA - sPSCs isolated
with kynurenic acid (3 mM) in layer II pyramidal neurons at PD 7–9. We chose an EtOH
concentration of 70 mM (0.32 g/dl) because it is in the range that was reported to trigger
EtOH-induced neurodegeneration in layer II neocortical neurons (Ikonomidou et al., 2000).
Acute exposure (10 min) to 70 mM EtOH in layer II pyramidal neurons reversibly increased
the frequency of GABAA-sPSCs (Fig 2A, C, p< 0.05 by repeated measures one-way
ANOVA followed by Dunnett’s post-hoc test vs. the 3 min time point, n=8 cells). GABAA-
sPSCs frequency returned to baseline levels within 5 minutes following termination of EtOH
application. On average, there was a significant change in frequency (173.57 ± 21.04% of
average of baseline and washout; n=8 cells; p<0.01 by one-sample t-test). EtOH
significantly (KS-test, p<0.01) increased the frequency in 5 out of 8 cells. Fig 2B shows
representative average traces at a more expanded time scale, illustrating that acute
application of EtOH has no effect on GABAA–sPSC amplitude or half-width. Repeated
measures one-way ANOVA followed by Dunnett’s post-hoc test did not reveal statistically
significant differences in the amplitude or half-width timecourses in the absence vs. the
presence of EtOH (p> 0.05, n=8 cells; not shown). There was no significant change in
amplitude (100.53 ± 6.34% of average of baseline and washout; n=8 cells; p>0.05 by one-
sample t-test) or half-width of GABAA-sPSCs (101.19 ± 1.9 % of average of baseline and
washout; n=8 cells; p>0.05 by one-sample t-test). EtOH significantly (KS-test, p<0.01)
increased the amplitude in 3 out of 8 cells and decreased it in 2 out of 8 cells. EtOH
significantly (KS-test, p<0.01) decreased the half-width in 1 out of 8 cells.

In layer III pyramidal neurons, 70 mM EtOH did not significantly increase the frequency of
GABAA-sPSCs (Fig 2D, F; p > 0.05; by repeated measures one-way ANOVA followed by
Dunnett’s post-hoc test, n=8 cells). There was no significant change in frequency (111.43 ±
12.64% of average of baseline and washout; n=8 cells; p>0.05 by one-sample t-test). EtOH
significantly (KS-test, p<0.01) increased the frequency in 1 out of 8 cells and decreased the
frequency in 2 out of 8 cells. Fig 2E shows representative average traces at a more expanded
time scale, illustrating that EtOH has no effect on the amplitude or half-width. Repeated
measures one-way ANOVA followed by Dunnett’s post-hoc test did not reveal statistically
significant differences in the amplitude or half-width timecourses in the absence vs. the
presence of EtOH (p> 0.05, n=8 cells; not shown). There was no significant change in
amplitude (96.94 ± 4.19 % of average of baseline and washout; n=8 cells; p>0.05 by one-
sample t-test) or half-width of GABAA-sPSCs (98.23 ± 2.9 % of average of baseline and
washout; n=8 cells; p>0.05 by one-sample t-test). EtOH significantly (KS-test, p<0.01)
increased the amplitude in 1 out of 8 cells and decreased it in 2 out of 8 cells. EtOH
significantly (KS-test, p<0.01) increased the half-width in 2 out of 8 cells. As expected,
GABAA-sPSCs were blocked by 20 μM bicuculline in both layer II and layer III pyramidal
neurons (n=3 for each layer; data not shown)

Acute application of EtOH has no significant effect on Em or action potential number in
layer II or layer III pyramidal neurons at PD 7–9

We used the perforated-patch current-clamp configuration to investigate the effect of acute
application of 70 mM EtOH on Em and the number of action potentials generated in
response to a 50 pA current injection for 100 ms. Fig 3A–B show that during 5 min bath
application of EtOH there was only minimal depolarization and no change in the number of
action potentials generated in layer II and layer III pyramidal neurons (p> 0.05, n=7–8 cells).
As a control, muscimol (30 μM) was bath-applied at the end of the recording, resulting in
depolarization of Em and elimination of action potential generation (p< 0.001 by repeated
measures one-way ANOVA followed by Tukeys post-hoc test, n=7–8 cells). Furthermore, in
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the presence of the GABAAR antagonists, picrotoxin and gabazine, there was no significant
change in Em or action potential number during bath application of EtOH or muscimol (Fig
3C–D; p > 0.05, repeated measures one-way ANOVA followed by Tukeys post-hoc test).

Acute application of muscimol causes a small, but significant increase in [Ca2+]i in layer II/
III neurons at PD 7–9

Since application of muscimol significantly depolarized Em and attenuated the generation of
action potentials in both layer II and layer III neurons, we assessed whether application of
muscimol induced changes in [Ca2+]i in layer II/III neurons as a population. Regions of
interest were chosen for neurons covering a field that was restricted to layer II/III. However,
because the optical resolution of the fluorescent image was less than that of the IR-DIC
image used for patch clamping, it was impossible to accurately demark the boundary
between layers II and III. Fig 4A represents the normalized average change in ΔF/F0 with
respect to time, and as shown in this figure, there is a small [Ca2+]i increase during the 10
min muscimol (30 μM) application. The increased [Ca2+]i levels returned to near baseline
during washout. As a control, KCl (40 mM) was added at the end of each recording and it
produced the expected increase in ΔF/F0. As shown in Fig 4B, application of muscimol
resulted in a small but significant increase in [Ca2+]i (p < 0.03, one-sample t-test vs. zero,
n=5 animals). KCl induced a ~17-fold greater change in the ratio of ΔF/F0 as compared with
muscimol (p < 0.0073 by two-tailed paired t-test, n=5 animals).

ECl− in layer II and layer III pyramidal neurons at PD 7–9
We next measured ECl

− in layer II and layer III pyramidal neurons, because there was a
significant depolarization of Em in both layers during muscimol application and a minimal
increase in [Ca2+]i, suggesting that ECl

− in these neurons is shifted to a less negative value
than Em. Therefore, using the perforated patch technique, we measured ECl

− in layer II and
III neurons in relation to the estimated Em in the same neuron. ECl

− was determined by
pressure application of muscimol (300 μM) onto PD 7–9 pyramidal neurons, in the presence
of kynurenic acid (3 mM) to block ionotropic glutamate receptors. Fig 5A and C are
representative traces for voltage steps between −20 and −100 mV for layer II and layer III
pyramidal neurons and the resultant I–V curves are shown in Figs 5B and D; ECl

− was
determined as the zero current intercept of the linear regression fit to the peak current data
and the independently-estimated Em for both cell types is indicated. In the majority of the
cells (Fig 5E, 9 out of 12 cells), the ECl

− was shifted to a less negative value than Em. In two
layer III neurons, ECl

− was shifted to a more negative value than Em, and in one layer II
neuron Em=ECl

−.

Expression of NKCC1 and KCC2
Since muscimol depolarizes Em and the majority of layer II and layer III neurons have an
ECl

− that is shifted to a less negative value than Em, we investigated the protein expression
of the Cl− co-transporters, NKCC1 and KCC2, in layer II/III neocortical neurons at PD 7–9.
For comparison, we determined expression of these co-transporters at PD 3–4 and PD 18–
19. NKCC1 protein expression was evident at all developmental time points (Fig 6A1–A3),
but the percent of NKCC1 protein expressing neurons was greatest (~90%) at PD 3–4
decreasing to ~ 50% at PD 7–9 and ~24 % at PD 18–19 (Fig 6B). The staining pattern
observed at all ages was nuclear and cytoplasmic, as indicated by an orthogonal projection
from a Z-stack image obtained at PD 7–9 (not shown).

Because the nuclear NKCC1 protein staining could be artifactual, we used FISH to measure
the mRNA expression of this co-transporter in layer II/III neocortical neurons (Fig 6).
Although intranuclear foci of NKCC1 mRNA expression were evident at all developmental
time points (Fig 6A4–A6), a high percent (~90%) of neurons containing NKCC1 (+) mRNA
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intranuclear foci were detected at PD 3–4 and this percent decreased significantly to ~70%
at PD 7–9 and ~45% PD 18–19 (Fig 6C).

The expression pattern for KCC2 protein differed markedly from that of NKCC1 (Fig 7A1–
A3). Expression of KCC2 was detectable throughout the neuropil in layer II/III neocortical
neurons at all developmental ages with the smallest expression (1 arbitrary intensity unit/#
cells per field) at PD 3–4 and subsequent increases to ~2.5 arbitrary intensity units/# cells
per field at PD 7–9 and ~ 8 arbitrary intensity units/# cells per field at PD 18–19 (Fig 7B).

The mRNA expression for KCC2 in layer II/III neocortical neurons is shown in Fig 7A4–
A6. Intranuclear mRNA foci expression was evident at all developmental time points, with
the number of neurons containing KCC2 (+) mRNA intranuclear foci increasing
significantly from ~20% at PD 3–4 to ~60% and ~90 % at PD 18–19 (Fig 7C).

Acute application of EtOH had no significant effect on currents evoked by exogenous
application of NMDA in layer II or layer III pyramidal neurons at PD7–9

It has been postulated that acute EtOH exposure damages layer II neurons, in part, via
NMDAR inhibition (Ikonomidou et al., 2000). Therefore, we investigated EtOH’s effects on
NMDAR function in layer II and layer III pyramidal neurons. Pressure application of
NMDA (500 μM) in the presence of TTX (0.5 μM), gabazine (10 μM), picrotoxin (50 μM),
and NBQX (10 μM) caused inward currents that were eliminated by MK-801 (10 μM)(Fig
8). Acute 5 minute exposure to 70 mM EtOH had no significant effect on the peak amplitude
of NMDA-evoked currents in either layer II (n=10 cells) or layer III (n=6 cells) neurons as
compared to control (Fig 8; p>0.05 by two-way ANOVA).

Acute EtOH did not affect AMPA-sPSC frequency or amplitude in layer II or layer III
pyramidal neurons at PD 7–9

Fig 9A and D represent the lack of change of AMPA-sPSC frequency during acute 10 min
application of 70 mM EtOH in either layer II or layer III pyramidal neurons. Fig 9B and E
are representative average traces at a more expanded time, illustrating that acute application
of EtOH had no effect on AMPA–sPSC amplitude or half-width. Neither in layer II (n = 11)
nor layer III (n = 11) neurons did EtOH have any significant effect on the AMPA-sPSC
frequency (Fig 9C, F, p > 0.05, by one-way ANOVA followed by Dunnett’s post-hoc test).
On average, there was no significant change in frequency (layer II: 100.75 ± 9.29 % of
average of baseline and washout; n=11 cells or layer III: 130.1 ± 18.42 % of average of
baseline and washout; n=11 cells; p>0.05 by one-sample t-test). EtOH significantly (KS-test,
p<0.01) increased the frequency in 1 out of 11 cells and decreased the frequency in 2 out of
11 cells in layer II. EtOH significantly (KS-test, p<0.01) increased the frequency in 4 out of
11 and decreased it in 1 out of 11 cells in layer III. On average, there was a small but
significant decrease in amplitude in layer II (90 ± 1.96% of average of baseline and
washout; p<0.001 by one-sample t-test; n = 11) but not in layer III (98.3± 3 % of average of
baseline and washout; p>0.05 by one-sample t-test; n = 11). EtOH significantly (KS-test,
p<0.01) decreased the amplitude in 6 out of 11 cells in layer II. EtOH significantly (KS-test,
p<0.01) increased the amplitude in 2 out of 11 cells in layer III. On average, there was a
small but significant decrease in half-width of AMPA-sPSCs in layer II (93.21 ± 2.10% of
average of baseline and washout; p<0.01 by one-sample t-test; n=11) but not in layer III
(98.7 ± 2.275% of average of baseline and washout; p>0.05 by one-sample t-test; n = 11).
EtOH significantly (KS-test, p<0.01) decreased the half-width in 4 out of 11 cells in layer II.
EtOH significantly (KS-test, p<0.01) increased the half-width in 1 out of 11 cells, and
decreased it in 2 out of 11 cells in layer III. There was no significant effect of EtOH on the
amplitude or half-width timecourses in layer II or III (not shown; p>0.05 by one-way
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ANOVA). As expected, AMPAR-mediated sPSCs were blocked in the presence of NBQX
in both layers (10 μM; n = 2 cells for each layer, data not shown).

Acute application of EtOH minimally increases [Ca2+]i in layer II/III neurons at PD 7–9
Finally, we assessed the acute effect of EtOH on [Ca2+]i in layer II/III neurons in the
absence of any receptor or channel antagonists. As shown in Fig 10A, there was a small
increase in the normalized average ΔF/F0 during the 10 min EtOH application and the
increase in [Ca2+]i levels did not return to baseline levels during the washout. As shown in
Fig 10B, application of EtOH resulted in a small but significant increase in [Ca2+]i (p <
0.001, one-sample t-test vs. zero, n=5 animals). KCl induced a ~16-fold greater change in
the ratio of ΔF/F0 as compared with EtOH (p < 0.001 by two-tailed paired t-test, n=5
animals).

Discussion
A reduction in neuronal number is a common consequence of prenatal exposure to EtOH
and experimental evidence suggests that many potential mechanisms are responsible for this
effect. One mechanism, the excessive inhibition model, has received considerable attention
in the literature. In this model, EtOH exposure during the third trimester-equivalent of
human pregnancy induces widespread neurodegeneration in different brain regions, in part,
through potentiation of the GABAAR, with neocortical layer II being particularly sensitive
(Ikonomidou et al., 2000). Here, we tested this model using an in vitro acute slice
preparation and found that EtOH produces a small increase in spontaneous action potential-
dependent GABA release in PD 7–9 pyramidal neurons in layer II but had no direct
postsynaptic effect on the GABAAR. We found that GABAARs at PD 7–9 have a dual
excitatory/ inhibitory function in pyramidal neurons in layers II and III of the parietal cortex.
However, the EtOH-induced increase of GABAergic transmission in layer II was not
sufficient to affect the excitability of these neurons. In the excessive inhibition model, EtOH
is also postulated to act by inhibiting the NMDAR, yet we found no evidence that EtOH has
a direct effect on these receptors in layer II or III pyramidal neurons. Collectively, our data
suggest that acute EtOH-induced neurodegeneration in these neurons is not the result of
excessive inhibition as a consequence of potentiation of the GABAAR or inhibition of the
NMDAR.

EtOH increases spontaneous action potential-dependent GABA release in layer II but not
layer III neurons without affecting postsynaptic GABAARs

We found that acute exposure to 70 mM EtOH increased GABAA-sPSC frequency without
affecting amplitude or half-width in layer II neurons in PD 7–9 rats. However, EtOH did not
affect GABAergic transmission in layer III pyramidal neurons. Our finding that EtOH did
not affect GABAA-sPSC amplitude or half-width is inconsistent with the excessive
inhibition model, which postulates that EtOH directly enhances GABAAR function. EtOH
increased GABAA -sPSC frequency indicating that it increases spontaneous action potential-
dependent GABA release at these neurons (Siggins et al., 2005). EtOH-induced increases in
GABAA-sPSC frequency have been demonstrated in various brain regions from developing
and mature animals (Carta et al., 2004; Galindo et al., 2005; Li et al., 2006; Marszalec et al.,
1998; Roberto et al., 2003; Sanna et al., 2004; Weiner and Valenzuela, 2006). Our
observation that EtOH does not exert a direct effect on the GABAAR is in agreement with
previous findings in cultured cortical neurons (Marszalec et al., 1998) as well as developing
CA3 hippocampal pyramidal neurons and spinal motoneurons in acute slices (Ziskind-
Conhaim et al., 2003; Galindo et al., 2005). However, it is possible that intracellular
signaling pathways could have been disrupted in our whole cell recordings and this could
have altered postsynaptic GABAAR sensitivity to EtOH (Ron, 2004).
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We found an EtOH-induced increase in GABAA-sPSC frequency in layer II but not layer III
pyramidal neurons. One explanation for this observation could be that EtOH differentially
affects interneuronal synaptic inputs to pyramidal neurons in these layers (Bureau et al.,
2004). In the piriform cortex, GABAergic basket cells have been identified in both layer II
and layer III, but these specifically target layer II pyramidal neurons (Ekstrand et al., 2001).
Bipolar basket cells are also found in layer II and the upper portion of layer III, and it has
been suggested that these interneurons provide inhibitory feedback to layer II (Suzuki and
Bekkers, 2007). Additionally, layer II has a higher percentage of interneurons expressing
parvalbumin as compared with calbindin, whereas the reverse is true for layer III (Kubota
and Jones, 1993; Suzuki and Bekkers, 2007).

Recently, it was shown that in some subtypes of interneurons in layer II/III, the threshold for
action potential generation was close to Em, making these cells highly excitable (Rheims et
al., 2008). An EtOH-induced increase in GABA release could result from an intrinsic
mechanism whereby EtOH increases the frequency of spontaneous action potential firing in
a subset of interneurons, as was previously shown in cerebellar Golgi cells (Carta et al.,
2004). Future work will be required to determine whether specific interneuron subtypes have
differential sensitivity to acute EtOH exposure in the developing neocortex.

Although not consistently observed in different laboratories (Borghese and Harris, 2007;
Botta et al., 2007; Carta et al., 2004), EtOH has been shown to directly potentiate
extrasynaptic GABAA receptors containing delta subunits in the dentate gyrus, thalamus and
cerebellum (Fleming et al., 2007; Hanchar et al., 2005; Jia et al., 2008; Lovinger and
Homanics, 2007; Mody, 2008). The presence of a tonic depolarizing GABAergic current in
layer II and III neurons from neonatal rats has been described (Cancedda et al., 2007).
Therefore, the possibility that EtOH directly or indirectly (i.e. via changes in GABA
spillover) modulates extrasynaptic GABAA receptors in these neurons should be
investigated in the future.

Muscimol induced activation of the GABAA R exerts a dual excitatory/inhibitory effect on
layer II/III neurons, but EtOH does not affect their excitability

We found that activation of the GABAA R with muscimol results in a dual excitatory and
inhibitory response in both layer II and III pyramidal neurons: Em significantly depolarized
during muscimol application and this inhibited the generation of action potentials. This
response is GABAAR mediated because, in the presence of blockers of this receptor, there
was neither a significant depolarization of Em nor a change in action potential number. The
muscimol-induced depolarization of Em is likely mediated by Cl− efflux through the
GABAAR. The GABAAR induced decrease of action potential firing could be a
consequence of an increase in membrane conductance that shunts depolarizing inputs
(Staley and Mody, 1992). Moreover, GABAAR-induced Em depolarization can be sufficient
to inactivate a substantial fraction of Na+ channels, thereby blocking action potential
generation (Zhang and Jackson, 1995). Muscimol-induced GABAAR Em depolarization
minimally increased [Ca2+]i in agreement with previous reports (Fukuda et al., 1998;
Yamada et al., 2004). The minimal increase in [Ca2+]i observed in the presence of muscimol
is not surprising given that it induced only a small depolarization of the Em that would be
only sufficient to slightly activate voltage-gated Ca2+ channels.

It has been postulated that GABAmimetic drugs induce neurodegeneration by potentiating
GABAARs and inducing excessive inhibition (Ikonomidou et al., 2000; Mennerick and
Zorumski, 2000; Olney et al., 2002b; Olney et al., 2004). This effect was thought to occur
secondarily to Em hyperpolarization. Here, we found that muscimol did suppress action
potential firing in layer II/III neurons; however, firing decreased as a result of depolarization
of Em. It was previously demonstrated that the EtOH-induced neurodegeneration pattern, as
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determined by DeOlmos silver stain, in part mimics the pattern of neurodegeneration
induced by GABAmimetic drugs (Ikonomidou et al., 2000). From this, it was postulated that
EtOH-induces neurodegeneration, in part, by a mechanism similar to the action of
GABAmimetic drugs (Ikonomidou et al., 2000; Olney et al., 2002b; Olney et al., 2004).
Interestingly, we found that the EtOH-induced increase in action potential-dependent GABA
release in layer II pyramidal neurons did not depolarize Em or have any effect on action
potential generation. These data suggest that EtOH and GABAmimetic drugs do not affect
GABAergic transmission in a similar manner and that they likely induce neuroapoptosis by
different mechanisms.

ECl− is at a more depolarized level than Em in layer II/III pyramidal neurons at PD 7–9
In layers II and III in PD 7–9 rats, we found the estimated ECl

− shifted to a less negative
value than the estimated Em in the majority of neurons, in agreement with the literature
(Cancedda et al., 2007; Rheims et al., 2008). This shift of ECl

− is indicative of increased
[Cl−]i, as is commonly found in immature neurons (Ben-Ari, 2002). Under these conditions,
GABAAR activation at Em would produce an inward current mediated by Cl− efflux,
ultimately resulting in Em depolarization. It has been suggested that the perforated-patch
technique estimates the Em at a more depolarized potential (Rheims et al., 2008). If this
indeed is the case, then our estimated Em would be even more negative than the values
shown here, additionally increasing the driving force for a GABAAR mediated depolarizing
response.

[Cl−]i is dependent on the expression and activity of the NKCC1 and KCC2 co-transporters
(Achilles et al., 2007; Brumback and Staley, 2008). The NKCC1 co-transporter is thought to
be responsible for increasing [Cl−]i levels above the passive [Cl−]i (Achilles et al., 2007).
Early in development, it is thought that NKCC1 is the dominantly expressed transporter and
as development progresses, there is up regulation of the KCC2 co-transporter. In general
agreement with the literature, we found mRNA and protein expression for both co-
transporters at PD 7–9, at a level that is intermediate between that of layer II/III neurons
from PD 3–4 and PD 18–19 rats (Lu et al., 1999; Shimizu-Okabe et al., 2002; Wang et al.,
2002). Our electrophysiological findings indicate that [Cl−]i in PD 7–9 neurons are higher
than the level expected for more mature neurons, suggesting that NKCC1 is the functionally
dominant transporter in this immature cells. Assuming that PD 7–9 neurons express similar
quantities of NKCC1 and KCC2, one possible mechanism accounting for this could be that
some of the expressed KCC2 is in an inactive conformation at this developmental stage
(Balakrishnan et al., 2003). Alternatively, it was recently demonstrated that KCC2 must
oligomerize to become fully functional and this oligomerization process may be incomplete
in PD 7–9 neurons (Blaesse et al., 2006).

The NKCC1 co-transporter is thought to be located within the plasma membrane. Under our
experimental conditions, it was detected in both the cytoplasm and the nucleus. This staining
pattern could be an artifact, resulting from the antigen retrieval procedure that must be used
for the anti-NKCC1 antibody to recognize its target. However, with this particular antibody,
we did find that NKCC1 protein expression decreased with age, in agreement with the
literature, and we detected abundant expression in the choroid plexus in older animals as
expected (unpublished observation) (Dzhala et al., 2005; Hubner et al., 2001; Plotkin et al.,
1997). In addition, our FISH studies demonstrated that the mRNA expression decreased
similarly with age, as did NKCC1 protein expression. These results are in agreement with
previous findings for NKCC1 mRNA expression in the neocortex and other brain regions
(Hubner et al., 2001; Lu et al., 1999; Plotkin et al., 1997; Shimizu-Okabe et al., 2002; Wang
et al., 2002; Yamada et al., 2004).
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A hypothesis that should be investigated in the future is that ethanol exposure during the
third trimester-equivalent of human pregnancy alters expression of KCC2 and/or NKCC1,
leading to changes in ECl

− and GABAA receptor function.

EtOH had no effect on NMDA currents or AMPA-sPSCs in layer II/III pyramidal neurons of
PD 7–9 rats

Blockade of the NMDAR with MK-801 and other antagonists triggers widespread
neurodegeneration in PD 7 rats as determined by the DeOlmos silver staining technique
(Ikonomidou et al., 1999). Sensitivity to NMDAR blockade coincides with the period of
synaptogenesis (i.e. brain growth spurt) in which neural networks begin to establish
connections by extending axons to postsynaptic targets to form functional communicative
synapses (Ben-Ari, 2002). It has previously been shown in cell culture that 10 μM MK-801
exacerbates neuronal cell death (Papadia et al., 2008) and we found that this concentration
of MK-801 abolishes NMDA currents in layer II and III pyramidal neurons at PD 7–9. This
finding suggests that robust inhibition of NMDAR function is required to trigger
neurodegeneration.

During this same critical developmental time period, it was demonstrated that EtOH induces
a widespread neurodegeneration pattern resembling that of MK-801, with layer II of the
neocortex being particularly sensitive (Ikonomidou et al., 2000). From these results, it was
postulated that EtOH-induced inhibition of the NMDAR was in part responsible for
suppressing neuronal activity and inducing widespread neurodegeneration. We found that
acute application of 70 mM EtOH had no direct effect on the NMDAR in layer II and III
pyramidal neurons from PD 7–9 rats. These data suggest that EtOH does not trigger
neurodegeneration through inhibition of the NMDAR, as previously proposed.

It has been consistently found that the NMDAR in mature neurons is inhibited by EtOH
(Lovinger, 1997). However, evidence has emerged indicating that NMDARs in immature
CA3 pyramidal neurons are not directly inhibited by EtOH (Mameli et al., 2005). One
explanation for the low EtOH sensitivity of NMDARs expressed in these immature neurons
is that their subunit composition differs from that of receptors present in mature neurons. In
the cortex, NR2B is detected at birth and its expression increases progressively into
adulthood whereas the NR2A subunit is undetectable at birth and its expression peaks during
the third postnatal week (Sheng et al., 1994; Wenzel et al., 1997). Electrophysiological
studies suggest that NMDARs expressed in immature and mature neurons of the
somatosensory cortex contain NR2B and NR2A subunits, respectively (Carmignoto and
Vicini, 1992; Crair and Malenka, 1995; Monyer et al., 1994; Wenzel et al., 1997). Thus,
NMDARs expressed in these immature neurons were expected to be sensitive to acute EtOH
exposure (Allgaier, 2002; Chu et al., 1995). One possible explanation for their insensitivity
to EtOH in developing layer II/III pyramidal neurons could be the presence of NR3A or
NR2D subunits in the receptor assembly (Chu et al., 1995; Jin et al., 2008; Sun et al., 1998).
Alternatively, differences in the NMDAR phosphorylation state or its association with other
proteins can render NMDARs insensitive to EtOH in these neurons (Ron, 2004). It should
also be considered that synaptic and extrasynaptic NMDARs could have differential
sensitivity to EtOH in developing layer II and III pyramidal neurons. This possibility was
not addressed in our experiments with exogenous NMDA application. Future studies should
investigate this issue.

Our finding that acute EtOH exposure lacks inhibitory effects on NMDARs does not
eliminate the possibility that these receptors play a role in the pathophysiology of FASD. A
number of studies have reproducibly found that blocking the NMDAR during EtOH
withdrawal in neonatal rats attenuates behavioral deficits later in life (Barron et al., 2008;
Lewis et al., 2007; Thomas et al., 2002; Thomas et al., 2004). However, the results of the
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present study and those of Mameli et al (2005) suggest that NMDAR upregulation during
withdrawal does not represent a compensatory effect that is initiated by acute direct
inhibition of the receptor by EtOH. NMDAR upregulation may be a consequence of EtOH
modulation of other membrane, cytoplasmic or nuclear factors. For example, treatment of
cultured cortical neurons with 100 mM EtOH for 5 days decreases neuron-restrictive
silencer factor levels and binding activity, while increasing activity of the NR2B promoter
(Qiang et al., 2005).

Because we did not find a direct effect of EtOH on the NMDAR, we studied its effects on
AMPA-sPSCs. We found that EtOH had no effect on AMPA-sPSC frequency in layer II or
III pyramidal neurons in PD 7–9 rats. These results suggest that EtOH does not affect
spontaneous action potential-dependent glutamate release in these neurons. These results are
in contrast to our previous observation that EtOH reduces glutamatergic release via
inhibition of presynaptic N-type voltage gated Ca2+ channels in immature CA3 hippocampal
pyramidal neurons (Mameli et al., 2005). We also found that EtOH had little effect on
AMPA-sPSC amplitude or half-width in layer II or III pyramidal neurons, which is in
contrast with our previous findings in developing CA3 pyramidal neurons where it was
demonstrated that EtOH inhibits postsynaptic AMPARs (Mameli et al., 2005). One
explanation for this discrepancy is that there are differences in AMPAR subunit composition
or posttranslational modifications between the layer II/III and CA3 pyramidal neurons
(Wang et al., 2004).

Acute application of EtOH in the absence of receptor antagonists results in a minimal, but
significant increase [Ca2+]i in layer II/III at PD 7–9

We found that in the absence of any receptor antagonist, EtOH produced a small increase in
[Ca2+]i that was comparable to the increase in [Ca2+]i demonstrated during muscimol
application. Muscimol depolarized Em in layer II/III pyramidal neurons, whereas EtOH did
not, suggesting that the EtOH-induced increase of [Ca2+]i is via a different mechanism than
membrane depolarization. One possible explanation for the observed increase in [Ca2+]i
during EtOH application is that it is a consequence of increased release of Ca2+ from
intracellular stores as a result of activation of the ryanodine or the inositol 1,4,5-triphosphate
receptor (Machu et al., 1989; Mironov and Hermann, 1996). Alternatively, EtOH could alter
the neuron’s ability to buffer [Ca2+]i or it could interfere with the reuptake of Ca2+ into
intracellular stores (Diamond and Gordon, 1997). The increase in [Ca2+]i could also result
from conversion of EtOH to acetaldehyde, which has been shown to increase reactive
oxygen species (ROS), which can interfere with mitochondrial regulation of cytoplasmic
Ca2+ (Goodlett and Horn, 2001; Jelski et al., 2007; Kroemer, 1997; Melis et al., 2007).
Importantly, the increase in Ca2+ could be a factor in triggering apoptotic pathways
(Goodlett and Horn, 2001).

Conclusions
In this study, we provide evidence that is inconsistent with the excessive inhibition model of
FASD. We found that acute EtOH neither had an effect on the excitability of layer II
pyramidal neurons, nor did it inhibit the NMDAR or GABAAR. We cannot rule out the
possibility that EtOH-modulates these receptors during longer EtOH exposures such as those
required to induce cell death (i.e. 60–120 min) (Olney et al., 2002a; Olney et al., 2004;
Tenkova et al., 2003). However, the data suggest that EtOH induces neuronal cell death by
means of a different mechanism than that of NMDAR antagonists and GABA-mimetic
drugs. One possibility is that EtOH-induced cell death is triggered by increased oxidative
stress (Goodlett and Horn, 2001). EtOH decreases antioxidants, thus decreasing the cell’s
ability to break down the production of ROS that result from the metabolism of EtOH;
oxidative stress can induce cell death by triggering necrosis and apoptotic pathways
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(Goodlett and Horn, 2001; Martin, 2001). It has previously been demonstrated that ROS
increases within minutes following EtOH application in cortical cultures (Ramachandran et
al., 2003). Increased oxidative stress can also result in energy deprivation in developing
neurons that could result in enhanced excitotoxic injury (Johnston, 2005). Another
possibility is that the observed EtOH-induced widespread neurodegeneration results from
neuronal swelling and subsequent necrosis. Indeed, the silver staining technique used by
Ikonomidou et al. (2000) recognizes both necrotic and apoptotic neurons. This is supported
by a computer-based model, which found that the amount of cell death determined by
staining for activated caspase-3 is less than that found using the DeOlmos silver staining
method (Gohlke et al., 2005).

The amount of EtOH-induced cell death reported by Ikonomidou et al. (2000) is in contrast
to that found in other studies, where the percent of cell death has been shown to be
significantly more moderate and less widespread (Miller, 1996; Mooney and Miller, 2003;
Mooney and Napper, 2005). As a matter of fact, it has been suggested that the amount of
EtOH-induced cell death reported by Ikonomidou et al. (2000) would result in neocortical
collapse (Miller, 2006). The discrepancies between the results of these studies could be a
consequence of the different experimental paradigms used to expose the animals to EtOH.
Ikonomidou et al (2000) administered EtOH subcutaneously and the blood ethanol
concentration reached 200 mg/dl (~43 mM) relatively rapidly (i.e. within 30 min) and then
peaked at 500 mg/dl (~108 mM). It has been shown that intragastric administration of a dose
of EtOH that produces blood ethanol concentrations near 274 mg/dl (60 mM) at a more slow
rate (i.e. within 90 min) does not produce widespread neurodegeneration (Mooney and
Napper, 2005).

It has been proposed that excessive inhibition-induced neurodegeneration during the third
trimester equivalent is responsible for the deleterious cognitive effects seen in FASD (Olney
et al., 2004). Using published results, a computer based model predicted that EtOH exposure
during the second trimester equivalent would cause more severe neuronal loss in the
neocortex than exposure during the third trimester-equivalent (Gohlke et al., 2005). This
suggests that the second trimester-equivalent may be more sensitive to EtOH-induced
neuronal loss. This is supported in the literature where it has been reported that second
trimester-equivalent EtOH exposure disrupts the sequence of neurogenesis resulting in
decreased neuronal numbers (Miller, 1986, 1996; Miller and Potempa, 1990). Second
trimester-equivalent exposure has also been shown to increase the number of cortical
GABAergic neurons, enhancing tangential migration to the neocortical laminar layers
(Cuzon et al., 2008). Thus, future studies should examine the mechanism by which EtOH
alters neocortical development using paradigms that include exposure during this critical
period of gestation.
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Figure 1. Histological characterization of neocortical layers in P7–9 rats
(A) 10× confocal images of coronal sections (14–18 μm) stained with the nuclear stain,
DAPI. The six neocortical layers are identified along with the CA1 hippocampal region. (B)
20× light microscopy images of coronal sections (14–18 μm) stained with hematoxylin-
eosin illustrating the characteristics of neurons in layers II and III.
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Figure 2. Effect of EtOH on GABAA-sPSC frequency in layer II and layer III pyramidal
neurons
(A, D) Sample GABAA-sPSC traces obtained before, during, and after washout of 70 mM
EtOH. (B, E) Average GABAA-sPSC traces obtained before (solid line) and after 70 mM
EtOH application (dashed line). (C, F) Timecourse of EtOH’s effect on GABAA-sPSC
frequency (* p < 0.05, one-way ANOVA followed by Dunnett post-hoc test vs. the 3 min
time point; n=8 cells). Data were normalized with respect to an average of responses
obtained in the first 3 min of recording.
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Figure 3. Effect of EtOH on action potential number and Em in layer II and layer III pyramidal
neurons
(A) Representative current-clamp traces obtained in the perforated-patch configuration
illustrating responses to injection of 50 pA for 100 ms in layer II. (B) Summary of action
potential number and estimated Em for the indicated experimental conditions. Layer II:
action potential (filled circle), Em (open circle), n=8 cells; layer III: action potential (filled
square), Em (open square), n=7. *** p< 0.001 by one-way ANOVA followed by Tukey’s
post-hoc test. (C–D) Same as in A and B but in the presence of picrotoxin (50 μM) and
gabazine (10 μM) (n=3 cells per layer).
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Figure 4. [Ca2+]i response of layer II/III neurons obtained in presence of ionotropic glutamate
receptor antagonists
(A) Average time course for fura-2 ΔF/F0 response to bath application of muscimol (30 μM)
and KCl (40 mM) (n = 5 animals). (B) Average data for conditions shown in A (*p<0.05,
**p<0.01 by one-sample t-test; n=5 animals per condition).
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Figure 5. ECl and Em in layer II and layer III pyramidal neurons
(A, C) Voltage-clamp traces illustrating currents evoked by pressure application of
muscimol (300 μM for 100 ms) at the indicated holding potentials in the gramicidin
perforated-patch configuration. (B, D) Peak current-voltage relationships from experiments
shown in A and C. Estimated Em values were determined in the current-clamp mode. (E)
Estimated Em and ECl

− from 6 layer II (filled circle) and 6 layer III (open square) pyramidal
neurons.
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Figure 6. Protein and intranuclear mRNA expression of the NKCC1 co-transporter at three
developmental stages in layer II/III of the neocortex
(A1 – A3) 40× confocal images of immunohistochemical experiments performed with an
anti-NKCC1 antibody (red) and the nuclear stain, DAPI (blue) (Scale bar 10 μm). (A4–A6)
40× confocal images of FISH assays that were performed with a NKCC1 specific mRNA
riboprobe (red) and the nuclear stain, DAPI (blue) (B) Percent of cells that were positive for
NKCC1 protein per field as a function of developmental stage (n= 6 animals per age group,
** p< 0.01, * p< 0.05 by repeated measures one-way ANOVA followed by Tukeys post-hoc
test). (C) Percent of cells that were positive for NKCC1 mRNA foci per field as a function
of developmental stage (n= 6 animals per age group, *** p< 0.001, ** p< 0.01, * p< 0.05 by
repeated measures one-way ANOVA followed by Tukeys post-hoc test).
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Figure 7. Protein and intranuclear mRNA expression of the KCC2 co-transporter at three
developmental stages in layer II/III of the neocortex
(A1 – A3) 40× confocal images of immunohistochemical experiments performed with an
anti-KCC2 antibody (red) and the nuclear stain, DAPI (blue) (Scale bar 10 μm). (A4–A6)
40× confocal images of FISH assays that were performed with a KCC2 specific mRNA
riboprobe (red) and the nuclear stain, DAPI (blue) (B) KCC2 protein fluorescence intensity
(arbitrary units) divided by the number of cell per field as a function of developmental stage
(n= 6 animals per age group, ** p< 0.01 by repeated measures one-way ANOVA followed
by Tukey’s post-hoc test). (C) Percent of cells that were positive for KCC2 mRNA foci per
field as a function of developmental stage (n= 6 animals per age group, *** p< 0.001 by
repeated measures one-way ANOVA followed by Tukey’s post-hoc test.
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Figure 8. Effect of acute EtOH application on currents evoked by pressure application of NMDA
(500 μM) in layer II and layer III pyramidal neurons
Recordings were obtained in the whole-cell voltage-clamp mode at −20 mV. (A, B)
Representative currents produced by exogenous application of NMDA in layer II pyramidal
neurons in the absence and presence of EtOH (70 mM) or MK-801 (10 μM). (C) Timecourse
of NMDA currents obtained from layer II pyramidal neurons under control conditions and in
the presence of EtOH or MK-801 (application represented by the horizontal line). (D–F)
Same as above but for layer III pyramidal neurons. The error bars are smaller than the
symbols in some cases. Data were normalized with respect to an average of responses
obtained in the first 3 min of recording.
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Figure 9. Acute effect of EtOH on AMPA-sPSCs in layer II (left) and layer III (right) pyramidal
neurons
(A, D) Sample traces obtained before, during, and after washout of 70 mM EtOH. (B, E)
Average AMPA-sPSC traces obtained before (solid line) and after 70 mM EtOH application
(dashed line). (C) Timecourse of EtOH’s effect on AMPA-sPSC frequency for layer II
neurons (n=11 cells). (F) Same as in C but for layer III neurons (n=11 cells). Data were
normalized with respect to an average of responses obtained in the first 1–3 min.

Sanderson et al. Page 30

Neuropharmacology. Author manuscript; available in PMC 2010 July 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 10. [Ca2+]i response of layer II/III neurons in the absence of antagonists of
neurotransmitter receptors
(A) Average timecourse for fura-2 ΔF/F0 response to EtOH (70 mM) and KCl (40 mM)
(n=5 animals). (B) Average data for conditions shown in A (n=5 animals per brain region;
*** p<0.001, by one-sample t-test).
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Table 1

Electrophysiological Properties of Neocortical Pyramidal Neurons from P7–9 ratsa.

Layer II Layer III bP

Capacitance 42.66 ± 3.25 pF(n=29) 55.03 ± 3.64 pF (n=24) 0.01

Input Resistance 561.6 ± 46.26 MΩ (n=29) 482.2 ± 49.99 MΩ (n=24) 0.24

Action Potential

 Amplitude 68.93 ± 5.17 mV (n=7) 69.67 ±10.15 mV (n=7) 0.94

 Rise time 6.92 ± 0.22 ms (n=7) 5.73 ± 0.44 ms (n=7) 0.03

 Spike half-width 1.59 ± 0.18 ms (n=8) 1.75 ± 0.40 ms (n=7) 0.71

GABA-sPSC

 Frequency 0.46 ± 0.09 Hz (n=8) 0.64 ± 0.13 Hz (n=8) 0.31

 Amplitude 42.57 ± 4.49 pA (n=8) 48.03 ± 4.47 pA (n=8) 0.41

 Half-width 9.88 ± 0.67 ms (n=8) 8.62 ± 0.24 ms (n=8) 0.10

AMPA-sPSC

 Frequency 0.63 ± 0.15 Hz (n=11) 0.76 ± 0.16 Hz (n=11) 0.50

 Amplitude 28.64 ± 2.134 pA (n=11) 29.72 ± 3.73 pA (n=11) 0.80

 Half-width 3.85 ± 0.26 ms (n=11) 3.45 ± 0.2 ms (n=11) 0.23

a
All data is from whole-cell patch-clamp experiments, except for action potential data, which was obtained in the perforated patch configuration.

b
Determined by unpaired t-test.
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